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ABSTRACT
◥

Purpose: BRAF V600E mutant metastatic colorectal cancer
represents a significant clinical problem, with combination
approaches being developed clinically with oral BRAF inhibitors
combined with EGFR-targeting antibodies. While compelling pre-
clinical data have highlighted the effectiveness of combination
therapy with vemurafenib and small-molecule EGFR inhibitors,
gefitinib or erlotinib, in colorectal cancer, this therapeutic strategy
has not been investigated in clinical studies.

Patients and Methods: We conducted a phase Ib/II dose-esca-
lation/expansion trial investigating the safety/efficacy of the BRAF
inhibitor vemurafenib and EGFR inhibitor erlotinib.

Results:Thirty-two patients withBRAFV600E positivemetastatic
colorectal cancer (mCRC) and 7 patients with other cancers were
enrolled. No dose-limiting toxicities were observed in escalation, with
vemurafenib960mg twicedailywith erlotinib150mgdaily selectedas

the recommended phase II dose. Among 31 evaluable patients
with mCRC and 7 with other cancers, overall response rates were
32% [10/31, 16% (5/31) confirmed] and 43% (3/7), respectively, with
clinical benefit rates of 65% and 100%. Early ctDNA dynamics were
predictive of treatment efficacy, and serial ctDNA monitoring
revealed distinct patterns of convergent genomic evolution associated
with acquired treatment resistance, with frequent emergence of
MAPK pathway alterations, including polyclonal KRAS, NRAS, and
MAP2K1 mutations, and MET amplification.

Conclusions: The Erlotinib and Vemurafenib In Combination
Trial study demonstrated a safe and novel combination of two oral
inhibitors targeting BRAF and EGFR. The dynamic assessment of
serial ctDNA was a useful measure of underlying genomic changes
in response to this combination and in understanding potential
mechanisms of resistance.

Introduction
BRAFmutations are established oncogenic drivers in awide range of

malignancies and are present in 10% to 15% of colorectal cancer (1, 2).
More than 95% of mutations occur as a V600E change (valine to
glutamic acid substitution), and are mutually exclusive with RAS
mutations (3, 4). Clinically,BRAFV600Emutation in colorectal cancer
is more prevalent in females and patients with advanced age, and is
associated with a right-sided primary, high tumor grade, and micro-
satellite instability (MSI; refs. 5–7). Despite significant progress in the
management of colorectal cancer, the prognosis for patients with
BRAF V600E positive metastatic colorectal cancer (mCRC) remains
poor, relative to patients with BRAF wild-type tumors, with a median
overall survival (OS) of approximately 11 months (8–11). Retrospec-

tive analyses of first-line chemotherapy trials have highlighted the
modest response to standard therapy in this population (12–15), with
minimal benefit from subsequent lines of treatment as demonstrated
by short progression-free survival (PFS) and OS (16, 17).

Single-agent BRAF inhibitors have demonstrated a lack of efficacy
in BRAF V600E mutant mCRC, with response rates around
5% (18–20). Preclinical models revealed that intrinsic resistance to
single-agent therapy is mediated by rapid feedback activation of EGFR
signaling, which leads to continued proliferation in the presence of
BRAF inhibition. Indeed, these studies also demonstrated synergy
between BRAF (vemurafenib or dabrafenib) and EGFR (erlotinib,
gefitinib or cetuximab) inhibitors, leading to effective suppression of
MAPK pathway signaling and tumor regression in BRAF V600E
colorectal cancer xenografts (21, 22). A pilot study evaluating the
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efficacy of combined vemurafenib and panitumumab (EGFR mAb)
demonstrated disease regression in 64% of patients with mCRC who
progressed after first-line standard therapy (23). However, although
the combination therapy markedly inhibited MAPK signaling, the
degree of inhibition was variable, potentially reflecting intratumoral
heterogeneity (24). A phase Ib study of vemurafenib in combination of
irinotecan plus cetuximab demonstrated a response rate of 35% in
patients with refractory, advanced BRAF V600E positive solid
tumors (25). Subsequently, the SWOG S1406 study randomized 99
patients with BRAF-mutant pretreated mCRC to receive irinotecan
plus cetuximab with or without vemurafenib. The study showed a
response rate of 16% in the triplet arm versus 4% in the doublet
arm (26). Since then, several studies testing the triplet combination of
selective BRAF small molecule inhibitors, MEK inhibitors, and EGFR
targeting mAbs have reported improved response rates of up to 26%,
implying that these combination strategies are capable of blocking
feedback reactivation, producing a more robust inhibition of MAPK
signaling (27, 28). Recently, the phase III BEACON trial evaluating the
combination of encorafenib (BRAF inhibitor) and cetuximab with or
without binimetinib (MEK inhibitor) in the second- or third-line
setting was the first to demonstrate a survival benefit with this
approach in patients with BRAF positive mCRC (28), leading to the
approval of combination encorafenib and cetuximab as the new
standard of care in this setting.

Despite an improvement in response and survival with this
combination therapy, the vast majority of patients with BRAF
mutant mCRC still derive minimal benefit from treatment. As such,
there is a current need for biomarkers early in the treatment course
to predict outcomes and understand mechanisms of intrinsic and
acquired treatment resistance. Circulating tumor DNA (ctDNA)
dynamics have been shown to be an early predictor of treatment
response for patients with colorectal cancer receiving chemother-
apy, potentially allowing an early switch in patients where treatment
is ineffective (29). Functional imaging with [18F]flurodeoxyglucose
PET (FDG-PET) has also been shown to be a useful marker of early
biologic response to vemurafenib in patients with BRAF mutant
melanoma and may be used to monitor response and detect early
progression on therapy (30).

Vemurafenib was the first BRAF inhibitor to be approved for use in
the treatment of BRAF V600 mutant melanoma, and has also dem-
onstrated antitumor activity in other cancer types with a BRAFV600E
mutation such as non-small cell lung cancer (NSCLC; ref. 31), thyroid
cancer, breast cancer, and ovarian cancer (32). Although preclinical
studies have highlighted the effectiveness of combination therapy with
vemurafenib and small-molecule EGFR inhibitors, gefitinib or erlo-
tinib in colorectal cancer, this therapeutic strategy has not been
investigated in clinical studies (21). On the basis of this, we conducted
a phase Ib/II trial that assessed the safety, tolerability, and antitumor
activity of combination vemurafenib and erlotinib in patients with
BRAF V600E positive mCRC and other cancers. In addition, early

FDG-PET scans and serial ctDNA analysis were performed to assess
their utility for predicting response and understanding mechanisms of
resistance to combination therapy.

Patients and Methods
Study design and objectives

The EViCT clinical trial was a phase I/II, multicentre, open-label
study of vemurafenib in combination with erlotinib in patients with
BRAF V600E positive mCRC, and other cancers. Patients were
recruited from five tertiary centers in Melbourne, Australia, from July
8, 2014 to August 1, 2017. The cut-off date for data analysis for this
publication was December 16, 2020. The primary objective of the
phase I lead-in study was to define the safety of vemurafenib in
combination with erlotinib by determining the DLTs in the first
4 weeks of treatment and identify the MTD and RP2D. Secondary
objectives included overall response rates of the combination treat-
ment as defined by CR or PRwithin the first 24 weeks of treatment, the
CBR as defined by CR, PR, or SD for more than 16 weeks of treatment,
and to determine the PFS and OS. Exploratory objectives included
analysis of early changes in ctDNA levels and correlationwith response
to BRAF and EGFR inhibition. Written informed consent was
obtained from all patients. Institutional ethics approval was obtained
(HREC13/MH 446) and the study was conducted in accordance with
the Declaration of Helsinki. Study data were collected andmanaged by
the Centre for Biostatistics & Clinical Trials (BACT) at the Peter
MacCallum Cancer Centre (Protocol No. 2014.019 version 2.0 dated
March 05, 2014, Appendix 1).

Study population
Patients with histologically confirmed mCRC with a BRAF V600E

mutationwere included in an initial lead-in phase (phase I) and treated
at different dose levels in a 3þ3 dose escalation trial design. Subsequent
patients were recruited into phase II dose expansion cohorts, with a
non-colorectal cancer expansion cohort enrolled in parallel in a single
stage (Fig. 1A and C). Eligibility criteria included ECOG performance
status of 0 to 1, evaluable disease as defined by RECIST v1.1, life
expectancy of >3 months, and adequate end-organ function. Patients
with mCRC must not have received >2 lines of therapy in the
metastatic setting. Exclusion criteria included uncontrolled brain
metastases, clinically significant cardiac history, and presence of an
EGFR mutation in patients with NSCLC.

Study treatment
The starting dose for the combination study drugs was 960mg twice

a day for vemurafenib and 100 mg once daily for erlotinib (dose level
D1), escalating to a maximum planned dose of 960 mg twice a day for
vemurafenib and 150 mg once daily for erlotinib (dose level
D2; Fig. 1A). A series of cohorts of 3 patients were treated with both
agents and observed for a minimum of 4 weeks. TheMTDwas defined
as the highest dose at which <33% of patients experience a DLT during
the DLT-evaluable period. Once dose level D2 was reached, the
combination doses were determined as the RP2D in discussion with
the study Safety Monitoring Committee, considering all available
toxicity information. Additional patients were then recruited to receive
the RP2D dose in the dose-expansion phase of the study.

Patients received oral vemurafenib taken together with erlotinib in
continuous 28-day cycles and treatment was continued until disease
progression, unacceptable toxicity, death, or withdrawal of informed
consent. Dose modifications according to the study protocol were
permitted in the event of drug-related toxicity.

Translational Relevance

This trial demonstrates that the novel combination of vemur-
afenib and erlotinib is well tolerated, with promising activity in
BRAFV600E colorectal cancer and other tumor types. Ourfindings
highlight that ctDNA analysis can reveal important insights into
mechanisms of treatment resistance and provides an early bio-
marker of treatment response.
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Safety
Patients in the dose-escalation phase were observed for the presence

of DLTs during the first 4 weeks of treatment. A DLT was defined as
any of the following: prolonged QTc, diarrhea, gastrointestinal per-
foration, increase in total bilirubin or hepatic transaminase (ALT or
AST), Steven–Johnson syndrome, and febrile neutropenia that was at
least grade 3 in severity as defined by common terminology criteria for
adverse events (CTCAE) v4.03. In addition, grade 4 hematologic
toxicity (neutropenia, thrombocytopenia, anemia) and toxic epider-
mal necrolysis were also considered DLTs. Safety assessments were
conducted at baseline, weekly during the DLT evaluation period, and
every 4 weeks thereafter.

Efficacy assessment
Tumor response was evaluated locally based on RECIST v1.1 by CT

scan,whichwas performed at screening and every 8weeks after starting
study treatment until disease progression. The best overall response
was defined as the best response recorded from the start of treatment
until disease progression. Objective response was considered con-
firmed if the response was maintained at a subsequent scheduled CT
assessment, at least 4 weeks after the criteria for responsewere firstmet.

FDG-PET assessment
FDG-PET scan was performed at screening, week 4, and at pro-

gression for patients in themCRC cohort, but was optional for patients
in the non-CRC cohort. FDG-PET/CT was performed on combined
PET-CT scanners using low-dose, non-contrast-enhanced CT for
attenuation correction and anatomical correlation, encompassing the
vertex of the skull to mid-thigh. All patients were fasted for at least
6 hours and had a blood sugar level of <10 mmol/L at the time of
imaging. FDG was administered intravenously according to weight
and images were acquired after a distribution time of at least 60
minutes. All FDG-avid disease was contoured using an SUV threshold
that was applied to the whole body using MIM (MIM software). The
SUV threshold used was patient specific as per the PERCIST (33)
recommendations and defined as 1.5 times the mean SUV of the liver
plus 2 SDs. All normal physiologic uptake (brain, kidneys, bladder)
was manually excluded from the whole-body volume of interest.
Parameters evaluated included the SUVMax of uptake to five target
lesions, SUVMax for all lesions, and MTV.

Blood collection and processing for ctDNA
Blood samples were collected in EDTA for ctDNA analysis

at screening, weeks 2, 4, 8, and every 8 weeks thereafter, and at
the time of disease progression (Fig. 1B). Whole blood was first
centrifuged at 1,600� g for 10 minutes to separate the plasma from
the peripheral blood cells, followed by a further centrifugation step
at 20,000 � g for 10 minutes to pellet any remaining cells and/or
debris. The plasma was then stored at�80�C until DNA extraction.
DNA was extracted from 2 mL aliquots of plasma using the QIAmp
Circulating Nucleic Acid Kit (Qiagen) according to manufacturer’s
instructions. The DNA was eluted into 50 mL buffed AVE (Qiagen)
and stored at �20�C.

Targeted sequencing
Targeted capture-based sequencing of pretreatment (baseline) and

progression plasma DNA was performed using the Avenio ctDNA
Analysis Expanded Kit (Roche diagnostics) following manufacturer’s
protocols. On the basis of the previously published cancer, personal-
ized profiling by deep-sequencing (CAPP-seq) methodology, this
covers a pan cancer panel of 77 genes optimized for use in colorectal

cancer and NSCLC (34). Between 6 and 10 ng of genomic DNA were
used for library construction and the purified libraries were pooled and
sequenced on an Illumina NextSeq 500 (illumina). Variants were called
using a specialized bioinformatic analysis workflow, which uses inte-
grated digital error suppression (iDES) system that augments CAPP-seq
through in silico removal of stereotypical sequencing artifacts combined
with molecular barcoding (35). Only nonsynonymous single nucleotide
variants (SNV), insertions-deletions (Indels), copy-number variations
(CNV), and gene fusions were extracted for analysis.

Digital PCR
Droplet digital PCR (ddPCR) analysis was performed using the Bio-

Rad Droplet Digital PCR system following manufacturer’s protocols.
Allele-specific PCR assay to specifically detect and quantify the
fractional abundance of theBRAFV600Emutation and corresponding
wild-type allele was commercially obtained (Bio-Rad Laboratories).
For mutant-based assays, ddPCR reactions were 25 mL aqueous
volumes that contained final concentrations of 1� ddPCR supermix
for probes (without dUTP; Bio-Rad), 0.9 mmol/L each primer, 0.25
mmol/L probe, and 5 mL of genomic DNA. The thermal cycling profile
was 95�C: for 10 minutes, followed by 55 cycles of 95�C for 15 seconds
and annealing for oneminute at 55�C. Each sample was analyzed by at
least two technical replicates with 5 mL DNA input per well. A Poisson
correction was applied to determine the number of amplifiable mole-
cules, which was used to further derive the number of copies of DNA
carrying a particular mutation per milliliter of plasma. Data analysis
was carried out using the QuantaSoft Software, version 1.7 (Bio-Rad).
ctDNA was defined as detectable if there was ≥1 copy of mutant DNA
detected in both duplicate reactions.

Statistical methods
The phase Ib lead-in study followed a standard 3þ3 design, with one

dose escalation and one dose de-escalation if required. A maximum of
6 evaluable patients would be enrolled at each dose level. The dose
expansion phase for the mCRC patient cohort used a Simon’s optimal
two-stage design. The sample size for themCRC expansion cohort was
a maximum of 24 patients, of whom the first 6 patients would be
treated in the lead-in phase. The first stage of the expansion phase
required at least 1 of 9 evaluable patients (including the 6 patients
treated in the lead-in phase) to achieve a CR or PR within the first
24 weeks of treatment to proceed to the second stage. The second stage
accrued an additional 15 evaluable patients, and the combination of
vemurafenib and erlotinib was considered active at the end of the
second stage if 3 or more patients achieved a CR or PR within the first
24 weeks of treatment. These calculations were based on a significance
level of 0.10 and power of 0.80.

Patient characteristics, treatment details, andAEswere summarized
using descriptive statistics. Safety analyses included all enrolled
patients who fulfilled eligibility criteria, received one dose of the study
treatment, and were DLT-evaluable. Efficacy and biomarker analyses
included all enrolled patients who fulfilled eligibility criteria, received
at least one dose of the study treatment, and had at least one post-
baseline efficacy assessment. The response rate and CBR were esti-
mated with 95% confidence intervals (95% CI) calculated based on
binomial distribution. Time-to-event endpoints (PFS, OS) were
described using Kaplan–Meier methods with 95% CIs. For biomarker
analyses, nonparametric Wilcoxon’s matched-pairs signed-rank test
and Kruskal–Wallis test were used to examine the differences between
continuous variables, and Fisher exact test was used to compare
associations between categorical variables. Linear regression analysis
was used for correlations of continuous data. Log-rank test was used to
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assess differences between subgroups. All analyses were performed
using R version 3.6.3 and GraphPad PRISM version 9.1.2 (RRID:
SCR_002798), where P values <0.05 were considered significant.

Data availability
The data generated in this study are available upon request from the

corresponding author.

Results
Patient characteristics

A total of 40 patients were enrolled across the dose escalation and
dose expansion phases (mCRC n ¼ 33 and non-CRC cohort n ¼ 7)
between July 2014 and August 2017 (Fig. 1A). The non-colorectal
cancer cohort included 7 patients with selected cancers [NSCLC,
ovarian cancer, breast cancer, and gastrointestinal stromal tumors
(GIST)] that were BRAFV600Emutation positive. Demographics and
baseline characteristics of patients are presented in Table 1. Patients
withmCRChad received either one (n¼ 15) or 2 (n¼ 17) prior lines of
therapy. Serial FDG-PET imaging and blood sample collection for
biomarker analyses are detailed in Fig. 1B. One patient in the mCRC
expansion cohort experienced an adverse event the day prior to
commencing study treatment and did not receive treatment, hence
was not included in any of the outcome analyses (Fig. 1C).

Dose determination and safety
The dose escalation (phase Ib) component of the study enrolled

patientswithmCRC in a 3þ 3 dose escalation trial design (Fig. 1A).No
dose-limiting toxicities (DLT) were observed at dose level D1 (n ¼ 4:
erlotinib 100 mg once a day and vemurafenib 960 mg twice a day) and
D2 (n¼ 6: vemurafenib 960mg twice a day and erlotinib 150mg once a
day), utilizing the full dose of each agent. TheMTD and recommended
phase II dose (RP2D) was thus determined to be vemurafenib 960 mg
twice a day and erlotinib 150 mg once a day. The expansion phase
enrolled a further 22 patients with mCRC, along with an exploratory
cohort of 7 patientswith other cancers (Fig. 1A andC); all treated at the
RP2D. This resulted in 32 evaluable patients enrolled with mCRC; 4 at
dose level D1 and 28 patients at the RP2D. Safety analyses have
included all patients who received study drug (n ¼ 39) across both
the escalation and expansion cohorts (Fig. 1C). Median time on
treatment was 6.7 months (range, 0.7–44.1) in 39 patients.

Investigator-assessed, treatment-related adverse events (AE)which
occurred in ≥10% of patients are summarized in Table 2. The most
frequently reported AEs (any grade) across all treated patients were
diarrhea (77%), fatigue (59%), nausea (51%), acneiform rash (49%),
and photosensitivity (36%). The most common grade 3/4 treatment-
related AEs were diarrhea (26%) and acneiform rash (8%). There were
no treatment-related deaths.

Dose reductions were required for vemurafenib in 3 of 4 patients
(75%) in the dose escalation cohort. Among the 35 patients in the dose
expansion cohort, 21 (60%) required a dose reduction of vemurafenib,
and 18 (51%) of erlotinib. Treatment was discontinued in 33 of 39
patients (85%) due to disease progression, 3 (8%) due to investigator’s
decision/clinical progression, 1 patient (3%) was lost to follow up, and
2 (5%) due to study termination. The latter 2 patients hadNSCLCwith
an ongoing response at the time of study termination and transitioned
to an expanded access program. No patients discontinued treatment
due to AEs.

Antitumor activity
Tumor response as assessed byRECIST v1.1, PFS andOS are shown

inFig. 2A toE. A total of 32 patients were treated in themCRC cohort;

1 patient was assessable via FDG-PET only and hence was not
evaluable for the primary endpoint by RECIST criteria. Of the 31
patients, 5 (16%) had a confirmed partial response (PR), and 5 (16%)
had unconfirmed PR (Fig. 2A–C). Stable disease (SD) was observed in
10 patients (32%). Hence, the confirmed objective response rate (ORR)
was 16% (5/31) of patients with colorectal cancer; and the clinical
benefit rate (CBR) at 24 weeks, defined as PR and SD, was 67% (20/
31; Table 3). The median PFS was 3.9 months (95% CI, 1.8–5.4), and
the median OS was 6.3 months (95% CI, 4.2–8.8; Fig. 2D and E).

Table 1. Patient demographics and baseline characteristics.

mCRC
cohort

Non-CRC
cohort Overall

Characteristics n ¼ 32 (%) n ¼ 7 (%) n ¼ 39 (%)

Median age (range) 61.6 64.0 61.8
(26.6–79.3) (35.8–69.5) (26.6–79.3)

Gender
Female 18 (56) 5 (71) 23 (59)
Male 14 (44) 2 (29) 16 (41)

ECOG
0 19 (59) 3 (43) 22 (56)
1 13 (41) 4 (57) 17 (44)

Non-CRC subtype
Breast cancer 0 (0) 1 (14) 1 (14)
Malignant GIST 0 (0) 1 (14) 1 (14)
Metastatic ovarian LGSC 0 (0) 1 (14) 1 (14)
Advanced/metastatic
NSCLC

0 (0) 4 (57) 4 (57)

Prior lines of metastatic therapy
1 15 (47) 1 (14) 16 (41)
2 17 (53) 2 (29) 19 (49)
3 0 (0) 1 (14) 1 (3)
Unknown 0 (0) 3 (43) 3 (7)

Prior EGFR therapy
Yes 6 (19) 0 (0) 6 (15)
No 26 (81) 7 (100) 33 (85)

Abbreviation: LGSC, low-grade serous cancer.

Table 2. Summary of any grade treatment-related AEs reported
in at least 10% of patients.

All patients (n ¼ 39) n (%)
Adverse events Grade 1–2 Grades 3–4 Total

Diarrhea 21 (54) 9 (23) 30 (77)
Fatigue 21 (54) 2 (5) 23 (59)
Nausea 18 (46) 1 (3) 19 (49)
Acneiform rash 16 (41) 3 (8) 19 (49)
Photosensitivity 13 (33) 1 (3) 14 (36)
Maculopapular rash 11 (28) 2 (5) 13 (33)
Arthralgia 13 (33) 0 (0) 13 (33)
Vomiting 9 (23) 2 (5) 11 (28)
Fever 7 (18) 1 (3) 8 (21)
AST elevation 7 (18) 1 (3) 8 (21)
ALT elevation 6 (15) 1 (3) 7 (18)
Pruritus 4 (10) 1 (3) 5 (13)
Mucositis oral 4 (10) 1 (3) 5 (13)
Anemia 3 (8) 1 (3) 4 (10)
ALP elevation 3 (8) 1 (3) 4 (10)

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; GGT, gamma-glutamyltransferase.
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There were 7 patients with various tumor types treated in the non-
colorectal cancer cohort: 4 metastatic NSCLC, 1 metastatic breast
cancer, 1 metastatic low-grade serous ovarian cancer, and 1 malignant
GIST. One patient with ovarian cancer (14%) achieved a CR, 2 patients
(29%) with GIST and NSCLC had a confirmed PR, and 2 patients
(29%)withNSCLChad an unconfirmed PR (Fig. 2A–C). AnORR (CR
þ PR) was observed in 43% of patients. Two patients (29%) had stable
disease: clinical benefit was observed in all 7 patients (100%). The
median PFS was 5.5 months [95% CI, 3.0–not reached (NR)], and
median OS was not reached with 3 patients still alive at a median
follow-up of 20.2 months (Supplementary Figs. S1 and S2). The
median duration of response was 23 weeks (after first response; range,
8–107 weeks) for patients who had a CR or PR on study (Fig. 2C).

FDG-PET analysis
Twenty-six patients in the mCRC cohort and 6 patients in the non-

colorectal cancer cohort underwent paired FDG-PET scans at baseline
and after 4 weeks of therapy to assess metabolic tumor response and
tumor volume as an exploratory endpoint (Table 3). The reduction in
maximum standardized uptake value (SUVmax) varied from 26% to
100%, with a median reduction of 66%. In the mCRC cohort, 1 patient
(4%) had a complete metabolic response [CMR; based on changes in
(SUVmax) in target lesions], and 16 patients (62%) achieved a partial
metabolic response (PMR). Conversely, progressive metabolic disease

(PMD) was observed in 9 patients (35%). Comparatively, 4 patients
(67%) in the non-colorectal cancer cohort achieved a PMR, 1 patient
(17%) had stable metabolic disease (SMD), and 1 patient (17%) had
PMD. There were no significant differences in median PFS and OS
between metabolic responders versus nonresponders (PFS 5.0 months
vs. 1.8 months, P ¼ 0.71; OS 7.3 months vs. 6.6 months, P ¼ 0.51;
Supplementary Figs. S3A and S3B).

Baseline metabolic tumor volume (MTV) as measured on FDG-
PET was significantly higher in patients who did not achieve clinical
benefit (Supplementary Fig. S4). Moreover, higher MTV at baseline
was associatedwith inferior PFS andOS (Supplementary Figs. S5A and
S5B). The percentage change in MTV at 4 weeks after initiation of
treatment correlated with CT defined objective response by RECIST
with a significant decrease in median MTV in patients achieving a PR
compared with those with PD (P ¼ 0.01; Supplementary Fig. S6).

Baseline ctDNA analysis prior to treatment
Twenty-five patients had serial plasma available for ctDNA analyses

(Fig. 3A). Baseline pretreatment plasma DNA analyzed by droplet
digital PCR (ddPCR) was positive for BRAF V600E mutant ctDNA in
21 of 25 patients (84%). The level of ctDNA (copies/mL of plasma) at
baseline was significantly higher in patients who did not achieve
clinical benefit (P ¼ 0.02; Fig. 3B) on study (Supplementary
Fig. S7). Furthermore, higher ctDNA levels at baseline were associated
with inferior PFS (Fig. 3C) and OS (Supplementary Fig. S8).

In addition to ddPCR testing, baseline plasma DNA was analyzed
using a targeted capture based next-generation sequencing assay
(Avenio Expanded panel, Roche Diagnostics; Supplementary
Table S1 for list of genes). At least one mutation was identified in
the baseline plasma DNA of 23/25 (92%) patients (Fig. 3D), with an
average of 4 mutations per sample (range 0–7). Patients in the mCRC-
cohort had a higher number of genetic alterations in contrast to
patients in the non-colorectal cancer cohort. Furthermore, the number
of genetic alterations at baseline was significantly higher in patients
with mCRC who did not derive a clinical benefit on study compared
with patients who derived a clinical benefit (P ¼ 0.04, Supplementary
Fig. S9). The most frequently altered genes were BRAF (84%), TP53
(60%), EGFR (52%),MET (40%), and GNAS (25%). Of note, anNRAS
G13C mutation was detected in 1 patient at baseline and no KRAS
mutations were detected.

Amplifications of EGFR, MET, and ERRB2 through ctDNA
sequencing were identified at baseline in 11 patients (44%). Of these,
eight patients (73%) had bothEGFR andMET amplification, 2 patients
(19%) had an EGFR amplification alone and 1 patient (9%) had
amplifications of EGFR, MET and ERRB2. Detection of amplifica-
tion(s) in EGFR, MET, and/or ERBB2 from baseline ctDNA was
associated with inferior PFS (HR, 2.4; 95% CI, 0.99–5.72; P ¼
0.02; Fig. 3E). Patients with detectable amplification(s) in these genes
had a median PFS of 2.7 months compared with 5.5 months for
nonamplified cases. In keeping with this finding, these patients also
showed reduced OS (HR, 2.7; 95% CI, 1.04–6.57; P ¼ 0.01) with a

Figure 2.
Efficacy of vemurafenib and erlotinib in patients with BRAF V600E positive mCRC and other cancers. A, Waterfall plot with best percentage tumor change from
baseline target lesions and best confirmed overall response for evaluable patients (n¼ 39). � , CR based on a reduction inmeasurements in a lymph node to below the
level of being consideredmeasurable. CR, complete response.B, Spider plot demonstrating response to treatment for each patient over time (n¼ 39). � , CR based on
a reduction in measurements in a lymph node to below the level of being consideredmeasurable. C, Swimmer plot showing objective response of time on treatment
for 39 evaluable patients. Individual patients represented as lines.D,Kaplan–Meier estimate of PFS for patientswithmCRC (n¼ 32). The shaded areas represent 95%
CI. E, Kaplan–Meier estimate of OS for patients with mCRC (n ¼ 32). The shaded areas represent 95% CI.

Table 3. Summary of efficacy data

mCRC
cohort

Non-CRC
cohort

All
patients

n ¼ 32 n ¼ 7 n ¼ 39

Best overall response within 24 weeks, n (%)
Complete response (CR) 0 (0) 1 (14) 1 (3)
Partial response (PR)
(unconfirmed)

5 (16) 5 (71) 10 (26)

Partial response (PR) (confirmed) 5 (16) 2 (29) 7 (18)
Stable disease (SD) 10 (32) 2 (29) 12 (32)
Progressive disease (PD) 11 (35) 0 (0) 11 (29)
Not evaluated according to
RECIST

1 0 1

Confirmed ORR, n (%) 5 (16) 3 (43) 8 (21)
Clinical benefit rate at 24 weeks
(CRþPRþSD)

20 (65) 7 (100) 27 (73)

Best overall metabolic response at 4 weeks, n (%)
CMR 1 (4) 0 (0) 1 (3)
PMR 16 (62) 4 (67) 20 (54)
SMD 0 (0) 1 (17) 1 (3)
PMD 9 (35) 1 (17) 10 (31)
Not evaluateda 6 1 7
Median PFS (months) 3.9 5.5 4.2

Abbreviation: ORR, overall response rate.
aPatients not assessed by FDG-PET at week 4.
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median of 5.5 months versus 11.1months in patients with and without
detectable amplification(s), respectively (Supplementary Fig. S10).
Patients with MET-amplification had a numerically shorter median
PFS of 1.8 months compared with 5.3 months in the non-MET
amplified patients (HR, 1.9; 95% CI, 0.74–4.84; P¼ 0.11; Supplemen-
tary Fig. S11). However, we observed that the median OS was
significantly shorter in MET-amplified versus non-MET amplified
patients (median OS 4.9months vs. 8.8 months; HR 2.2; 95%CI, 0.84–
6.0; P ¼ 0.04; Fig. 3F). Of note, there was no association between the
detection ofMET amplification in baseline ctDNAwith previous anti-
EGFR therapy (P ¼ 0.31, Fisher exact test). In addition to MET
amplification, baseline EGFR amplification was also significantly
associated with inferior PFS and OS (Supplementary Figs. S12A and
S12B).

Early ctDNA dynamics following combination therapy
We next explored whether early, dynamic changes in ctDNA levels

were predictive of outcomes to combination vemurafenib and erlotinib
therapy. A total of 25 paired baseline-week 2 (BL-W2) and 21 paired
baseline-week 4 (BL-W4) plasma samples were analyzed for early
BRAF V600E mutant ctDNA dynamics (Fig. 3A). A significant
reduction in ctDNA levels (copies/mL) was seen between BL-W2
(P < 0.001, median change �132.3 copies/mL) and BL-W4 (P < 0.01,
median change �163.9 copies/mL; Fig. 4A). The decrease in BL-W2
and BL-W4 ctDNA levels was significantly greater in patients who
derived clinical benefit from treatment (P ¼ 0.0001, median change
�176.4 copies/mL and P¼ 0.0002, median change�188.7 copies/mL,
respectively; Fig. 4B). Moreover, we observed that the percentage
change in ctDNA variant allele fraction (VAF) at 4 weeks after
initiation of treatment predicted objective response. Patients achieving
a PR had a significant decrease inmedian ctDNA compared with those
with SD or PD (P¼ 0.03; Supplementary Fig. S13). We next examined
whether changes in FDG-PETMTV at week 4 correlated with changes
in ctDNA levels at the same timepoint. Indeed, there was a positive
correlation between percentage change in MTV (mL) and ctDNA
levels (r ¼ 0.57; P ¼ 0.01; Supplementary Fig. S14).

The ratio ofBRAFV600EmutationVAF on treatment at week 2 and
week 4, relative to baseline was assessed as a predictor of PFS and OS.
Most patients (19/21; 91%) had a week 2-baseline ratio (W2-BLR) of
<1, with a median of 0.06 (Supplementary Fig. S15A), indicating a fall
in ctDNA levels. Patients withW2-BLR above the median had inferior
PFS and OS compared with those below the median (median PFS
1.8 months vs. 6.4 months; HR, 3.6; 95% CI, 1.30–9.76; P ¼
0.0004; Fig. 4D) and median OS (5.6 months vs. 9.9 months; HR,
2.9; 95%CI, 1.01–8.36; P¼ 0.005; Supplementary Fig. S15B). Likewise,
most patients (17/18; 94%) had a week 4-baseline ratio (W4-BLR) of
<1, with a median of 0.03 (Supplementary Fig. S16A). Correspond-
ingly, patients with week 4-baseline ratio (W4-BLR) above the median
of 0.03 had inferior PFS compared with those below median (median
PFS 3.6 months vs. 5.6 months; HR, 2.6; 95% CI, 0.92–7.20; P ¼ 0.03;

Supplementary Fig. S16B). Although not significant, OS was also
shorter in patients with a high W4-BLR. (median OS 6.1 months vs.
11.1 months; HR, 2.0; 95% CI, 0.75–5.48; P ¼ 0.12) (Supplementary
Fig. S16C).

In addition, defined ctDNA response criteria as recently
described (36) were applied by separating patients into qualitative
and quantitative groups according to their ctDNA dynamics. Patients
were first divided into three groups to evaluate the qualitative response
criteria: G1 (patients with detectable ctDNA remaining detectable
during therapy), G2 (patients with detectable ctDNA becoming unde-
tectable during therapy), and G3 (patients with undetectable ctDNA
remaining undetectable during therapy). Those with detectable base-
line ctDNA that remained detectable at week 2 had the shortest PFS
(Supplementary Table S2), compared with patients in G2 and G3. We
next assessed the quantitative response criteria according to the
percentage change in VAF and patients were divided into five groups:
ctDNA CR (ctDNA clearance after baseline detectability), ctDNA PR
(decrease of more than 10% VAF), ctDNA SD (no increase or <10%
decrease in VAF), ctDNA PD (increase of more than 10% VAF), and
ctDNA nonmeasurable disease (undetectable ctDNA at baseline and
after treatment). Patients with ctDNA CR at weeks 2 and 4 had the
longest PFS (8.1 months, P < 0.0001 and 7.1 months, P ¼ 0.05,
respectively) than patients with ctDNA PR, SD, PD, and nonmeasur-
able disease (Supplementary Table S2).

Serial ctDNA analysis to evaluate genomic evolution following
treatment

Plasma DNA collected at the time of disease progression was
analyzed through targeted sequencing to identify evidence of
genomic evolution following treatment and potential mechanisms
of acquired resistance to therapy. In total, 16 patients in the mCRC
cohort and 2 patients in the non-colorectal cancer had plasma
DNA available at disease progression, allowing comparison with the
baseline pretreatment ctDNA analysis (Fig. 3A). Twelve patients
(12/18, 67%) were found to have at least one acquired mutation
upon disease progression. Of note, 2 patients with NSCLC in the
non-colorectal cancer cohort had no detectable mutations in their
progression plasma sample, and 4 patients in the mCRC cohort
retained the original BRAF V600E mutation but no new mutations
were identified at progression. Fifty percent (9/18) of patients showed
emergence of ≥1 KRAS or NRAS mutation, which was not detectable
at baseline. Polyclonal KRAS mutations were observed in 6 of 9
patients (67%). Moreover, other MAPK pathway alterations such as
MAP2K1 mutation were detected in 22% of patients. In addition to
these findings, amplifications ofMET and EGFRwere detected in 2 pati-
ents, whereas 1 patient acquired MET amplification alone (Fig. 4C).

In keeping with the identification of KRAS and/orNRASmutations
as the dominant genomic change associated with treatment resistance,
serial ctDNA analysis was able to reveal the emergence of these
mutations prior to disease progression. This was exemplified through

Figure 3.
Baseline ctDNA analysis. A, Consort diagram of plasma samples analyzed from EViCT trial. B, Baseline ctDNA levels (copies/mL) according to clinical benefit rate.
C, Linear Cox regressionmodel showing the association between ctDNA copies/mL (as assessed by ddPCR) and PFS (95%CI represented by shading).D, Landscape
of somatic mutations detected through targeted sequencing of baseline plasma DNA in 25 patients enrolled on the EViCT trial. Each column represents an individual
patient, and each row indicates a specific alteration. The color of bars is indicative of the type ofmutationwith gray¼wild-type. Thebar diagramon the top shows the
total number of detectable mutations per patient. E, Kaplan–Meier estimate of PFS for patients (n¼ 25) with a detectable amplification(s) versus no amplification in
baseline plasma. Amplification is definedas the presence of anyamplification inEGFR,MET, and/orERRB2.F,Kaplan–Meier estimate ofOS for patients (n¼ 25)with a
detectable MET amplification versus no MET amplification in baseline plasma.
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the case of a 38-year-old woman with a BRAF V600E mutation
positive, KRAS wild-type, and microsatellite-stable colorectal cancer
who had progressed following first-line FOLFOX (folinic acid, 5-fluo-
rouracil, and oxaliplatin) chemotherapy and bevacizumab after five
cycles (10 weeks) of treatment. She commenced on vemurafenib
960 mg twice a day and erlotinib 100 mg one a day on the EVICT
study. She experienced an improvement in pain, performance status,
and a 16% reduction in BRAF V600E VAF ctDNA after 1 month on
vemurafenib and erlotinib. FDG-PET scan atweek 4 revealed a PMRof
extensive nodal disease, osseous disease, and the majority of the
hepatic metastases, however, there was evidence of a new small
FDG-avid hepatic lesion (Fig. 4E). Targeted sequencing of baseline
plasma DNA identified the BRAF V600E mutation, a SMAD4 muta-
tion, TP53 mutation, and EGFR amplification (Fig. 3D). After
6 months on study, CT imaging confirmed PD by RECIST v1.1
criteria, with enlarging hepatic metastases and evidence of new
metastatic lesions. Targeted sequencing of plasmaDNAat progression
uncovered the emergence of multiple subclonal KRAS mutations
(KRAS Q61H, KRAS Q61L, KRAS G12N, KRAS G13D), a NRAS
G12D mutation, KDR A163G mutation,MSH6 R106H mutation, and
MET amplification (Fig. 4C). Serial analysis of ctDNA using ddPCR
identified emergence of theKRASQ61Hmutation 6.5 months prior to
confirmation of PD on imaging but it was not detectable in baseline
plasma obtained prior to starting the clinical trial. The KRAS Q61H
was first detected at 4 weeks, but the signal was below our defined
detection threshold at this timepoint (see Patients and Methods). The
KRAS mutation levels gradually increased across serial samples with
detection confirmed at 16 weeks (Fig. 4E).

Discussion
Patients with BRAF V600E mutated colorectal cancer represent a

distinctmolecular subtype associated with poor prognosis where novel
therapeutic approaches are needed. Recent studies have investigated
the combination of BRAF, EGFR, and MEK inhibition after initial
preclinical and clinical studies identified the lack of efficacy of single-
agent BRAF inhibitors owing to EGFR-mediated adaptive feedback.
Here, we report results of the EViCT clinical trial evaluating the safety
and efficacy of combination vemurafenib and erlotinib therapy in 32
patients with BRAFV600E positive mCRC and 7 patients with various
other tumor types. The MTD and RP2D was determined to be
vemurafenib 960 mg twice a day and erlotinib 150 mg one a day, the
full dose of either agent as a monotherapy. Importantly, the combi-
nation therapy was well tolerated, and the most common AEs were
consistent with known side effects of vemurafenib and erlotinib when

used as single agents, including diarrhea, nausea, fatigue, and acnei-
form rash.

Encouraging antitumor activity was observed using the combina-
tion of vemurafenib and erlotinib, with a confirmed response rate of
16% and an unconfirmed response rate of 33% in the mCRC cohort.
These data are consistent with efficacy reported for other similar BRAF
and EGFR inhibitor therapeutic strategies, notably the doublet com-
bination of encorafenib and cetuximab in the BEACON colorectal
cancer study which reported a response rate of 20% (23, 27, 32). The
median PFS was also similar, with a PFS of 3.9 months in EVICT
compared with 4.3 months in BEACON. Conversely, the ORR was
noted to be high in the non-colorectal cancer cohort, with confirmed
response rates of 43%; and prolonged disease stabilization observed in
several tumor types, including NSCLC and GIST, compared with the
mCRC cohort. Taken together, these data show that despite harboring
the BRAFV600Emutation, response to combination vemurafenib and
erlotinib may not be uniform amongst different tumor types. This
underscores the importance of characterizing molecular determinants
of response and resistance to combination therapy across tumor types,
as well as developing novel biomarkers to track treatment responses in
real time.

ctDNA dynamics have been shown to be a useful tool for assessing
tumor response kinetics to chemotherapy and targeted therapy in a
wide range of solid malignancies, including colorectal cancer (37, 38).
Moreover, a rise in ctDNA levels may provide an early measure of
impending treatment failure and has been shown to precede radio-
logical progression by weeks to months (38–40). This provides a
potential opportunity for early modification of treatment, a strategy
which may be beneficial where alternative treatment options are
available, rather than waiting for radiological progression to be
confirmed when disease burden is higher. Indeed, our data suggest
that early ctDNA changes are predictive of treatment response and
clinical outcomes for patients treated with combination BRAF and
EGFR inhibition. When examining response dynamics, ctDNA
responses were generally observed by week 2, indicative of the rapid
response often achieved with targeted therapies. Consistent with
results reported by Gouda and colleagues (36), patients with clearance
(ctDNA CR) at weeks 2 and 4 demonstrated longer median PFS.
Furthermore, detectable ctDNA during treatment was associated with
worse clinical outcomes. This supports the use of defined ctDNA
response criteria as a supplementary method to conventional imaging
to assess treatment responses in this patient population.

The use of FDG-PET has also been shown to be an early indicator of
targeted therapy response in several tumor types including GIST (41),
EGFRmutant NSCLC (42), and BRAFV600Emutant melanoma (30).

Figure 4.
Early ctDNAdynamics andgenomic alterations at disease progression.A,Dynamics ofBRAFV600Emutant DNAcopies/mLbetweenbaseline,week 2, andweek 4of
treatment, n¼ 25, BL-W2:P <0.001, BL-W4:P <0.01.Wilcoxon signed-rank test.B,Dynamics ofBRAFV600EmutantDNA copies/mL between baseline, week 2, and
week 4 of treatment according to clinical benefit rate. (BL-W2: P ¼ 0.0001; median change �176.4 and BL-WK4: P ¼ 0.0002, median change �188.7 copies/mL,
respectively). C, Summary of ctDNA genomic features at disease progression in 18 patients with an available progression plasma sample. Patients are ordered
according to time toprogression. Each column represents an individual patient, and each row indicates a specific acquired alteration.D,Kaplan–Meier estimate of PFS
for patients (n¼ 21) stratified byweek 2–baseline ratio (W2-BLR). E, Serial ctDNA analysis of a patient with BRAFV600Emutation positive colorectal cancer treated
in the dose-escalation phase of the EViCT trial. This patient with de novo metastatic colorectal cancer progressing after first-line FOLFOX chemotherapy and
bevacizumab, subsequently received vemurafenib and erlotinib on the EVICT clinical trial. ctDNA levels at baseline showed the detectable BRAF V600E mutation
with undetectable KRAS Q61H mutation. After 4 weeks of treatment, FDG-PET scan showed a favorable response in all the known metastatic sites of disease.
Correspondingly, BRAF V600E VAF decreased from baseline to week 4, confirming a response to therapy. However, there was evidence of a new FDG-avid hepatic
nodule, suggesting a refractory clonal population. At that time point, ddPCR identified the emergence of the KRAS Q61H, but the signal was below our defined
detection threshold (see Patients and Methods). The KRASmutation levels gradually increased across serial samples with detection confirmed at 16 weeks. Despite
confirmation of stable disease by RECIST criteria at this time point, there was evidence of a steady increase in BRAF V600E ctDNA levels fromweek 16 onward until
the time of disease progression.
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In the EVICT study, FDG-PET was assessed as an early marker of
biologic response to vemurafenib and erlotinib, but only 62% of
patients in the mCRC cohort had a PMR and one patient obtained
a CMR. In comparison, previous studies (30) have shown 100% of
BRAF mutant advanced melanoma patients treated at therapeutic
doses of vemurafenib have at least a PMR, suggesting differences in the
depth of MAPK pathway inhibition in response to vemurafenib,
between colorectal cancer and melanoma. This is supported by
preclinical and clinical data showing that vemurafenib displays less
potency in colorectal cancer compared with melanoma (20, 43).
Although an early metabolic response did not translate into improved
survival outcomes in the EVICT study, baseline MTV was prognostic
of outcomes and may still be a useful biomarker, particularly in
patients who have undetectable ctDNA. Taken together, our data
highlight that FDG-PET and ctDNA can be complementary
approaches which when used together can provide an early indication
of MAPK pathway inhibition and treatment response, particularly
with respect to heterogeneity of metabolic response.

Importantly, ctDNA analysis also provided an opportunity to
characterize genomic determinants of primary and secondary resis-
tance to vemurafenib and erlotinib.MET amplification can emerge as a
mechanism of resistance to anti-EGFR therapies and is usually rare in
treatment-na€�ve colorectal cancers (44). Here we report a high pro-
portion of patients with MET amplification at baseline, as a likely
mechanism of primary resistance to dual BRAF and EGFR inhibitors,
which was not related to exposure to previous anti-EGFR therapy.
Moreover, further enrichment of MET amplification was seen at the
time of disease progression. Similar findings have been previously
demonstrated in a study by Pietrantonio and colleagues, where MET
amplificationwas noted in tumor specimens resistant to panitumumab
and vemurafenib, with corresponding pretreatment specimens found
to harbor preexisting MET amplifications suggestive of clonal expan-
sion in response to treatment (45). Our findings support the impor-
tance of further exploratory work to characterize the role of MET
amplification in driving resistance to targeted approaches in mCRC;
and provide the rationale for the combination of BRAF/EGFR and
MET blockade as a therapeutic strategy to overcome MET-driven
resistance in this setting (45).

It has been reported that acquired resistance to BRAF inhibitor
combinations in mCRC can be driven by alterations in the MAPK
pathway leading to reactivation (24, 46). Here, we confirmed frequent
mutations in KRAS, NRAS, andMAP2K1 as recurrent mechanisms of
acquired resistance in multiple patients. In line with the study by
Corcoran and colleagues, polyclonal RAS mutations were commonly
detected in plasma samples of patients progressing on therapy, reveal-
ing convergent evolution as a dominant mechanism of therapeutic
escape (27). TheseRASmutationswere not detectable through baseline
plasma DNA analysis prior to treatment, but it is possible that they
may have been present below the detection limit of the assay. We have
shown the ability to detect the early emergence of RAS mutations
through serial ctDNA analysis, prior to evidence of clinical disease
progression to combination therapy. Of note, a third of patients in our
study had no other genomic mechanism of resistance identified
through ctDNA analysis. This may have been due to the limited
number of genes covered by our targeted sequencing panel and other
potential genetic and nongenetic resistance mechanisms were not
explored.

We acknowledge several limitations of our study, particularly the
small cohort of patients with non-colorectal cancer that were evalu-
ated. Furthermore, baseline tissue prior to trial enrolment was not
available to determine the MSI-status in the mCRC cohort. Finally,

results of the biomarker analyses are exploratory and validation in
larger clinical studies is required to support our findings.

In conclusion, the EViCT trial demonstrated the safe and novel
combination of two oral inhibitors targeting BRAF and EGFR, with
significant activity in a range of BRAF V600E mutated cancers.
Although the recently defined standard of care incorporates the BRAF
inhibitor encorafenib in combination with cetuximab based on data
from a randomized phase III registration trial; our combination
strategy of vemurafenib and erlotinib should be further explored as
a potential treatment option for patients preferring oral combination
therapy, that is readily deliverable and with a favorable side effect
profile. Our findings will help inform future combination strategies,
with the goal of overcoming primary and secondary resistance to
combination BRAF and EGFR targeted therapy, to improve outcomes
for patients with BRAF V600E positive mCRC and other cancers.
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